). In the present study, the role of sease (Dieci and Sentenac, 1996; Dye and Proudfoot, quences located downstream of the human ␤-and 1999). Moreover, termination prevents interference at ⑀-globin poly(A) sites (3Ј flanking regions) in transcription downstream promoters (Greger and Proudfoot, 1998) termination is examined. Nascent transcript analysis and may also enhance the energy balance of the cell shows that 3Ј flanking region sequences that are reby reducing wasteful transcription of long tracts of nonquired for efficient transcription termination mediate a coding sequences. transcript cleavage activity, herein termed preterminaFor transcription termination to take place, both retion cleavage (PTC), that effectively releases the nascent lease of the RNA transcript from polymerase and dissotranscript from the elongating polymerase. It is prociation of polymerase from the DNA template must ocposed that PTC, which precedes polymerase release cur. These events have been described for genes from the DNA template, is required for transcription tertranscribed by E. coli RNA polymerase (Yarnell and Robmination. Interestingly, PTC is not dependent on the erts, 1999), RNA polymerase I and III (Paule and White, 2000) . Although there are significant differences bepresence of a functional poly(A) signal, whereas the subtween these systems, each has been analyzed at the sequent polymerase release step is. These data indicate molecular level and is therefore understood in some that pol II transcription termination occurs through at detail (reviewed by Platt, 1998 ; Uptain et al., 1997).
least two spatially and temporally distinct processes. In contrast, the mechanism of transcription termination by RNA polymerase II (pol II) is poorly understood. The reason for this is that although pol II transcription Results termination defines the 3Ј end of the primary RNA transcript, the transcript itself is cleaved at the poly(A) site.
NRO Analysis of the ␤-Globin Gene In a recent study, it was shown that cleavage at the in Chromosomal and Plasmid Contexts poly(A) site occurs at the same time as or just before Transcription termination in general occurs between a transcription termination (Dye and Proudfoot, 1999) . few hundred bp to several kilobase pairs (kbp) downCleavage of the nascent transcript at the poly(A) site stream of the poly(A) site (Proudfoot, 1989) . Here, the leaves two products which have quite different fates; extent of nascent transcription on the human ␤-globin gene was determined by NRO analysis of spleen cells from transgenic mice containing the entire human ␤-globin hybridization signals are not due to cross hybridization with cellular RNA, NRO analysis was also carried out on a wild-type mouse. In this analysis, no transcripts hybridized to the 3Ј flanking region probes (K. Plant and N.J.P., unpublished data). In order to analyze the role of the ␤-globin 3Ј flanking region in pol II transcription termination, it was necessary to move to a transient transfection system that is more amenable to mutational analysis. Figure 1B shows NRO analysis of HeLa cells transiently transfected with a construct, labeled ␤wt, which bears the human ␤-globin gene driven by the Tat-inducible HIV LTR. In the presence of the trans-activating factor Tat (Cullen, 1993) , nascent transcripts are detected at high levels throughout the ␤-globin 3Ј flanking region. Quantitation of NRO signals (by phosphoImager analysis and normalization for incorporation of radiolabeled UTP) from the human ␤-globin gene in either the chromosomal context of the transgenic mouse or on the plasmid, in transfected HeLa cells, shows that the polymerase distribution in the 3Ј flanking region is almost identical (see graph Figure 1B ). Furthermore, NRO analysis of ␤wt plasmid indicates that the 1.7 kb of the ␤-globin 3Ј flanking region present is sufficient to induce pol II transcription termination. This is revealed by the fact that pol II does not transcribe into the plasmid probes A, B, and U3, as demonstrated by the low hybridization signals on these probes. It therefore follows that results obtained using the plasmid borne ␤-globin gene are relevant to the human ␤-globin gene in a natural chromosomal context.
Sequences in the 3 Flanking Region Mediate Transcription Termination
To test the dependence of pol II transcription termination on sequences in the human ␤-globin gene 3Ј flank- the 3Ј flanking region deletions affect mRNA processing This experiment confirms that the ␤-globin 3Ј flanking region directly affects pol II transcription termination. and therefore only indirectly affect transcription termination, RNase protection analysis was carried out on Next, the termination activity of the 8-10 region was mapped more precisely. NRO analysis was performed ␤⌬5-10 and ␤⌬8-10 transcripts (see Figure 2C) . The accurate processing and unimpaired accumulation of on two deletion constructs, ␤⌬5-8 and ␤⌬5-9, from which either the first 300 bp (corresponding to probe 8) ␤⌬5-10 and ␤⌬8-10 transcripts indicate that mRNA processing is unaffected by the 3Ј flanking region deletions.
or 460 bp (corresponding to probe 8/9) of the termination region were removed ( Figure 2D This surprising result demands rigorous controls. The termination region was tested for termination activity by first of which tested the possibility that 3Ј to 5Ј degrada-NRO analysis of a construct labeled ␤8 ( Figure 2E) and tion of the 9-10 region transcript occurs during the seshows low hybridization signals over probes A, B, and lection process. This is addressed by examination of U3. Comparison of the corrected ␤⌬5-10 and ␤8 NRO NRO-labeled ␤⌬5-7 transcripts in the supernatant frachybridization signals indicate that region 8 can indepention, shown in the lower panel of Figure 3A , where hydently mediate transcription termination. Considering bridization signals are detected over all probes. The that in vivo region 8 is the first to be encountered by weaker signal over probe 4 is due to the hybridization pol II, this is likely to be the critical termination element of the majority of nascent transcripts from this region to in the physiological system. the Bio ␤4 probe, and thus their removal to the selected fraction. Importantly, the presence of hybridization sigTranscription Termination Sequences Mediate nals over probes 9 and 10 confirms that these transcripts Transcript Cleavage are intact and have not been degraded during the hybrid A refinement of the NRO protocol, termed hybrid selecselection procedure. tion NRO analysis, enables magnetic separation of naThe second control tested for a promoter function scent transcripts on the basis of their complementarity which could give rise to a second separate transcript to a biotinylated RNA probe. Using this technique, it over probes 9-10. To this end, NRO analysis was carried was previously shown that 3Ј flanking region transcripts, out on ␤⌬5-7 in the absence of the trans-activating facwhich are continuous with the protein coding region tor Tat (see Figure 3B ). The hybridization signal over of the ␤-and ⑀-globin genes, can extend over 1 kb probe P, which results from abortive initiation events at downstream of their respective poly(A) sites ( The possibility that the 8-10 termination region transcripts within the ␤-globin 3Ј flanking region. Hybrid script is unusually unstable, or has some autocatalytic selection NRO analysis was performed on ␤⌬5-7 tran-RNA processing capacity, was controlled for by hybrid scripts using a biotinylated selection probe (Bio ␤4) selection of a synthetic RNA transcript corresponding complementary to the sequence immediately downto the ␤⌬5-7 3Ј flanking region ( Figure 3C ). The synthetic stream of the ␤-globin poly(A) site corresponding to transcript was hybridized to probes 4, 8, 9, and 10, either NRO probe 4 ( Figure 3A ). Following hybridization of Bio with or without prior hybrid selection, and in each case, ␤4 to the NRO-labeled RNA and magnetic separation, equivalent hybridization signals over probes 9 and 10 the selected and supernatant fractions were hybridized were detected. It is apparent that transcript discontinuto separate NRO filters. In the selected fraction, shown ity in the 8-10 termination region does not result from in Figure 3A , hybridization signals are detected over some autocatalytic RNA processing capacity. probes 3, 4, and 8, but not over probes P, 9, and 10.
The final control was to use reverse transcription PCR Note that probe 3, which is upstream but adjacent to (RT-PCR) to confirm the hybrid selection NRO results. Bio ␤4, shows a hybridization signal due to polymerase Nascent transcripts from HeLa cells transiently transtranscribing into the selected RNA region during the fected with ␤⌬5-7 were reverse transcribed using NRO transcription reaction. Transcripts from regions lonested primers positioned within the 8-10 termination cated more than 100 bp upstream of the selection probe region ( Figure 3D ). The resulting cDNAs were then anaare not selected as 100 nt is the approximate limit of lyzed by PCR using the indicated 3Ј oligonucleotide and transcription elongation in the NRO transcription reaca common 5Ј oligonucleotide (labeled a) complementary tion (Dye and Proudfoot, 1999) . Thus, the background to the sequence in exon 3 of the ␤-globin gene (upper level signal over probe P is due to its location 1.5 kb data panel of Figure 3D ). In lane ab ϩRT, there is a upstream of the selection probe. The hybridization sigstrong band representing region 8 of the termination nals over probes 4 and 8 show that transcripts continuregion. However, in all other lanes, there are no bands ous with region 4 extend into region 8. However, the representing longer transcripts in the 8-10 termination background level signals over probes 9 and 10 show region. These results confirm the NRO hybrid selection that these transcripts do not extend beyond region 8. data by showing that continuous nascent transcripts do The corrected hybridization signals from this analysis, not extend beyond region 8 of the ␤-globin 3Ј flanking plotted alongside those from the ␤⌬5-7 NRO experiment region. As a control, an SP6 transcript of the 8-10 termi-(see Figure 2B ), are shown in the graph in Figure 3A .
nation region was reverse transcribed and amplified in These results lead to an unexpected conclusion. It apa parallel experiment (lower data panel). Here, the prespears that nascent transcripts detected by probes 9 and ence of bands in all ϩRT lanes indicates that each primer 10 are not part of a continuous transcript that extends pair can efficiently amplify cDNA copies of the 3Ј flanking from the protein coding region of the gene through to region transcript. the end of the termination region. To test whether this
The control experiments described above confirm that result was specific to transcription initiation from the HIV the 3Ј flanking region transcripts are of two types: those LTR, the same NRO and hybrid selection NRO analyses that extend from the protein coding region of the gene were carried out on a construct containing the wildinto region 8 of the termination region and those that are found within the termination region but are not contype ␤-globin promoter transcriptionally activated by the nected to upstream transcripts. It is apparent that this moter activity (see Figure 3B ). The conclusion drawn from these experiments is that the different RNA populasecond type of transcript does not originate in the termination region as this sequence has no detectable protions in the ␤-globin 3Ј flanking region result from tran-script cleavage in region 8 followed by continued pol II plausible that PTC could be regulated by 3Ј end processing. In order to study this possibility, a variant of elongation through regions 9 and 10. It appears that the cleavage event occurs cotranscriptionally and does not the ␤⌬5-7 plasmid, bearing a poly(A) site mutation and labeled ␤⌬5-7p ( 
Transcription Termination
Next NRO and hybrid selection NRO analysis was It has been shown that region 8 can independently mediconducted on ␤⌬5-7p(A)mut transcripts. In the NRO ate pol II transcription termination (see Figure 2E) and analysis, shown in Figure 4B , hybridization signals are also promotes a cotranscriptional RNA cleavage event detected in the genic and 3Ј flanking regions as well termed PTC. In contrast, regions 5-7 of the ␤-globin 3Ј as over plasmid probes A, B, and U3, confirming that flanking region do not mediate transcription termination transcription termination is abolished by inactivation of (see NRO analysis of plasmid ␤⌬8-10 in Figure 2B) or the ␤-globin poly(A) site. Interestingly, the hybrid selec-PTC. This latter observation was made in our previous tion NRO experiment, shown in Figure 4C , indicates publication where the 3Ј flanking region transcripts of that even in the absence of 3Ј end processing, selected the ␤wt construct (then labeled HIV␤) were shown to transcripts do not extend beyond region 8 of the ␤⌬5-7 extend from the poly(A) site through probes 5, 6, and 7 3Ј flanking region. The corrected hybridization signals and into probe 8 (see Dye and Proudfoot, 1999) .
were plotted alongside those from the ␤⌬5-7p(A)mut These results indicate that there is a functional link NRO experiment and displayed in the graph in the lower between PTC and pol II transcription termination. This panel of Figure 4C . These data clearly show that the proposition was further tested by conducting hybrid setranscript cleavage activity is independent of RNA prolection NRO analysis on the termination-competent cessing at the poly(A) site and, most importantly, that ␤⌬5-8 and ␤⌬5-9 plasmids, previously examined by the capacity of polymerase to remain attached to the NRO analysis (see Figure 2D ). Hybrid selection NRO template is controlled by the poly(A) signal. analysis of ␤⌬5-8 transcripts, using the Bio ␤3 selection probe, is shown in Figure 3E . While strong hybridization signals are detected over probes 3 and 4, the hybridizaMapping Sites of Transcript Cleavage tion signal over probe 9 is very low and that over probe To map sites of PTC within the ␤-globin termination 10 is only just above background level. This result indiregion at higher resolution, the NRO hybrid selection cates that the majority of transcripts are cleaved within protocol was adapted by the addition of an RNase proregion 9 and few extend into region 10. The corrected tection step (see Experimental Procedures). In brief, hybridization signals were plotted alongside those from ␤⌬5-7 and ␤⌬5-7p(A) mut NRO transcripts and a control the ␤⌬5-8 NRO experiment (see Figure 2D ) and dissynthetic ␤⌬5-7 3Ј flanking region transcript were hyplayed in the graph shown below the NRO data.
bridized to both a selection probe (Bio ␤4) and a nonraTo accurately map ␤⌬5-9 transcripts, a new plasmid diolabeled RNase protection probe spanning regions labeled ␤⌬5-9* was made. This plasmid is a variant 8-9 (see diagram in Figure 4D ). After magnetic selection of ␤⌬5-9 modified by the addition of extra 3Ј flanking and RNase digestion, the protected transcripts were sequence, regions 6 and 7 (Figure 3F ), which were used analyzed by PAGE. The autoradiograph in Figure 4D of the protected products is fixed, due to hybridization Comparison of the selected and nonselected NRO exto the selection probe, the length of the protected prodperiments indicates that region 10 also mediates PTC ucts on the autoradiograph indicates the distance that activity.
the selected transcripts extend into the termination reTaken together, the above observations indicate that gion. The length of these protected transcripts may coreach of the sequences of the ␤-globin 8-10 termination relate with the positions of polymerase in the NRO tranregion that supports transcription termination also mescription reaction. If there were an even distribution of diates PTC activity. These data provide strong evidence polymerase within region 8-9, a smear of protected that PTC and transcriptional termination are linked products would be expected. However, a specific patevents.
tern of bands was obtained indicating that there are preferred regions of polymerase density.
A notable feature of this experiment is that the abunThe Role of the Poly(A) Site in Transcription Termination
dance of protected products decreases markedly with increasing length. This point is especially clear when Considering the key role of RNA processing in pol II transcription termination (Proudfoot, 2000) , it seems one considers that longer protection products are com- Where this experiment differs from the NROs is that gion 8. These observations suggest that PTC activity acts on some aspect of the overall sequence in the sites of polymerase density within the 3Ј flanking region can be visualized. However, it is not possible to detertermination region. To determine whether PTC is coordinated solely on the basis of sequence recognition or by mine whether the positions of the bands mark the actual Figure 5B ; the lower signal over probe 8 reflects the variable recovthese experiments that would discount the possibility that a negative result (i.e., no selection of downstream ery of RNA complementary to the selection probe). The hybridization signals over the exon 2 and IVS2 probes transcripts) is due to nascent transcript degradation during the selection procedure. The internal control is proindicate that the low 9-10 signal is not due to RNA degradation. The observation that downstream tranvided by the hybrid selection of the 5Ј end of the second intron (IVS2) of the ␤-globin gene, using a selection scripts are not retrieved using the Bio ␤8 probe points to a reiterative cleavage mechanism operating within the probe complementary to transcripts of the adjacent second exon (see diagrams in Figures 5A and 5B) .
8-10 termination region. Presumably, the hybridization signals detected over probes 9-10 by standard NRO NRO hybrid selection analysis of ␤⌬5-7 transcripts, using exon 2 (Bio ␤2) and Bio ␤4 selection probes, is analysis (see Figures 1 and 2B ) represent short transcripts resulting from reiterative cleavage events in reshown in Figure 5A . As in the previous analysis of ␤⌬5-7 transcripts, using the Bio ␤4 selection probe (see Figure  gions 8 , 9, and 10. To provide confirmation of this result, a further control 3A), strong hybridization signals are detected over probes 3, 4, and 8 with low level signals over probes 9 experiment was carried out. An expression plasmid labeled ␤⌬5-7* in which regions 9-10 of the ␤⌬5-7 expresand 10, confirming that PTC occurs within region 8. The hybridization signals over the second exon and second sion plasmid were replaced by regions 6 and 7 of the ␤-globin 3Ј flanking region was constructed. As stated intron probes, labeled 2 and IVS2, respectively, show that the control selection experiment has worked. previously, regions 6-7 were chosen as they do not support transcription termination or PTC activity. In NRO Dye and Proudfoot, 1999) and shows that uncleaved nascent transcripts extend throughout the 3Ј flanking analysis of HeLa cells transiently transfected with ␤⌬5-7*, shown in Figure 5C , strong hybridization signals are region. However, as compared to the unselected NRO data, signals over probes 7 to 9 are much lower and detected over all probes within the ␤-globin gene and the 3Ј flanking region. Background hybridization signals gradually reduce to near background levels. Note that the hybridization signal over probe 6 is artificially high are detected over the plasmid probes A, B, and U3, indicating that the 3Ј flanking region mediates full trandue to cross hybridization of transcripts from region 4 of the ⑀-globin 3Ј flanking region to probe 6. This is scription termination. The corrected hybridization signals from this experiment are displayed in the graph demonstrated by hybrid selection data obtained for NRO transcripts from an ⑀-globin plasmid with region 4 dein Figure 5D . Hybrid selection analysis of NRO-labeled ␤⌬5-7* transcripts using the Bio ␤4 probe, shown in leted (⑀⌬4, see middle panel of Figure 6B ). In this analysis, the probe 6 hybridization signal more accurately Figure 5D , confirms that as with ␤⌬5-7 (see Figure 5A) , selected transcripts do not extend beyond region 8 into reflects its true level relative to the rest of the 3Ј flanking region probes and confirms that there is a gradual reducthe downstream probes. The corrected hybridization signals from this experiment are displayed alongside tion of hybridization signals through the ⑀-globin 3Ј flanking region. those from the ␤⌬5-7* NRO experiment in the graph beneath the NRO data. To examine whether the downTo examine whether the selected transcript length is controlled by 3Ј end processing at the poly(A) site or by stream region 6-7 transcripts could be retrieved, hybrid selection NRO analysis of ␤⌬5-7* transcripts was carsequences in the 3Ј flanking region, ⑀p(A)mut transcripts were also analyzed by NRO hybrid selection analysis ried out using the Bio ␤8 probe as shown in Figure 5E . Strong hybridization signals are detected over probes using the Bio ⑀3 probe. Comparison of the selected ⑀wt and ⑀p(A) mut transcripts shows that the length of 8, 6, and 7, indicating that the downstream region 6-7 transcripts have been successfully retrieved. The corselected transcripts is unaffected by mutation of the ⑀-globin poly(A) site, suggesting that they are cleaved rected hybridization signals from this experiment are displayed alongside those from the ␤⌬5-7* NRO experiin a poly(A) site-independent manner by PTC, as shown in the ␤-globin system. A major difference between the ment in the graph beneath the NRO data.
These experiments show that in the wild-type ␤-globin ⑀-and ␤-globin genes is the greater length of the selected ⑀-globin transcripts. This observation indicates termination region, where the region 8 PTC element is followed by further sequences that can support PTC that there are no strong PTC elements, such as region 8 of the ␤-globin 3Ј flanking region, in the ⑀-globin 3Ј (regions 9-10), PTC occurs at all sequences. However, when region 8 is followed by sequence that does not flanking region. Rather, it appears that transcript cleavage at weak PTC elements located throughout the 3Ј support PTC (regions 6-7), then PTC is restricted to region 8. These results indicate that PTC is most likely flanking region leads to a gradual decrease in polymerase density. If there are such elements within the a reiterative process that is based on sequence recognition.
⑀-globin 3Ј flanking region, then removal of these sequences should have an effect on transcription termination.
Transcription Termination of the Human
To test the dependence of pol II transcription termina-⑀-Globin Gene tion on sequences in the ⑀-globin 3Ј flanking region, Next, the analysis of transcription termination of the three deletion constructs termed ⑀⌬4-9, ⑀⌬4-6, and ␤-globin gene was extended to that of the ⑀-globin gene.
⑀⌬7-9 were made (see diagram in Figure 6D ). In NRO It has previously been shown by NRO analysis of ⑀wt analysis of ⑀⌬4-9, shown in Figure 6D , strong hybridizaplasmid (previously HIV⑀; Dye and Proudfoot, 1999 In the ␤-globin gene, transcription termination is mediated by strong termination signals which extend from Hybrid selection NRO analysis was then carried out on ⑀wt transcripts using the Bio ⑀3 probe (Figure 6B ; 0.9 to 1.6 kb downstream of the poly(A) site. In contrast, 1998), it is predicted that an indirect interaction of the transcripts (Labhart and Reeder, 1986) . Separate transcript and polymerase release sites, located downtranscript with the CTD may continue after PTC in order for cleavage/polyadenylation of the pre mRNA to take stream of the processing site that marks the 3Ј terminus of the precursor 40S transcript, have been described. place. These proposed interactions may have a role in mediating the second step of the termination process, The authors suggest that transcript release might be mediated by the intrinsic transcript cleavage activity polymerase release, which occurs downstream of PTC and results in disengagement of pol II from the DNA associated with pol I (Reeder and Lang, 1994) . Detailed analysis of the mouse ␤ maj -globin gene has template. Indeed these studies show that PTC operates independently of mRNA 3Ј end processing while polyrevealed the presence of multiple poly(A) site-dependent termination signals in the 3Ј flanking region (Tantramerase release is entirely dependent upon it. A likely scenario is that following PTC, mRNA 3Ј end processing vahi et al., 1993). These termination signals, the smallest of which is 69 bp, are believed to act in concert to effectively triggers polymerase release ( Figure 7B) .
A spatial separation of pol II transcription termination mediate pol II transcription termination. It is not known if these sequences mediate PTC, as hybrid selection events was suggested in a study of the Drosophila hsp26 gene using in vivo UV crosslinking and KMnO 4 hyper-NRO analysis of the mouse ␤ maj -globin termination region has not been described. However, although no reactivity site mapping (Giardina and Lis, 1993) . Differences between top and bottom strand hyperreactivity consensus sequence has been identified, the mouse termination sequences are AT rich. This characteristic is on the hsp26 3Ј flanking region DNA template indicated that the final 330 bp of the hsp26 primary transcript shared by the human ␤-globin 8-10 termination region, which contains AT rich tracts that might be important was made by an altered, possibly less processive pol II complex. A precedent for the arrangement of terminafor PTC. Considering the above, it appears that there may be similarities between the mouse ␤ maj -globin and tion signals in the human ␤-globin gene is provided by studies of Xenopus laevis ribosomal 40S precursor human ␤-globin transcription termination mechanisms. region 6-7, and region 8 PCR products generated by amplification A major difference, however, is that the efficiency of the of ␤wt using the oligo pairs 5ЈB6/3ЈB7 and 5ЈB8/B9, respectively. mouse ␤ maj -globin termination elements is dependent on Following ligation, the desired 8-6-7 fragment was PCR amplified their distance from the poly(A) site whereas in the human from the ligation mix using the oligo pair 5ЈB8/3ЈB7. ␤8 was made ␤-globin gene, this does not appear to be the case (see by blunt end ligation of the region 8 fragment into the linear ␤⌬5-10 Figure 2B ).
PCR product. ␤⌬5-9* was made by blunt end ligation of the region 6-7 fragment (see above) to the linear ␤⌬5-9 product resulting from PCR amplification of ␤⌬5-9 using oligo pair 3ЈB10/B10. ⑀wt and 
Mechanism of PTC and Its

RNA processing, can stimulate pol II transcription termi-
The Bio ␤3, ␤4, and ⑀3 selection probes have been described nation.
previously (Dye and Proudfoot, 1999 
